OBJECTIVE: This study compares skinfold caliper and sonographic measurements of the amount and distribution of subcutaneous adipose tissue teenagers gain during pregnancy to test three hypotheses: (1) skinfold caliper and sonographic measurements of subcutaneous adiposity are highly correlated in pregnancy; (2) the extent to which the skinfold caliper heads compact the tissues increases during gestation; and (3) skinfold caliper measurements yield a smaller estimate of the amount of subcutaneous adipose tissue gained during gestation than do sonographic measurements. METHODS: We studied 28 primiparous teenagers at 10.7 AE 2.8 and 29.6 AE 1.8 weeks gestation. At both study visits subcutaneous adipose tissue thickness was measured at six body sites, first by skinfold caliper and then by ultrasound. Taking the nearly compression-free sonographic measurements as the standard, we quantified the extent to which the skinfold caliper heads compacted the tissues at each measurement site by computing the percentage compression: (mean adipose tissue thickness by ultrasound 7 (0.5Âmean adipose tissue thickness by caliper)=mean adipose tissue thickness by ultrasound)Â100. Pearson correlations and paired t-tests were used to compare the skinfold caliper and sonographic measurements. RESULTS: Hypothesis 1 was supported; the skinfold caliper and sonographic measurements were highly correlated at both study visits. Hypothesis 2 was not supported; between study visits caliper-related tissue compression decreased at measurement sites on the trunk and remained the same at measurement sites on the extremities. Hypothesis 3 was also refuted; the skinfold caliperderived estimate of the amount of subcutaneous adipose tissue gained on the trunk exceeded the corresponding sonographic determination. As anticipated, the skinfold caliper measurements indicated that adipose tissue was stored more rapidly on the trunk than the extremities, but the opposite pattern emerged when the sonographic measurement technique was used. CONCLUSIONS: The results of this study challenge the notion that pregnant women store adipose tissue preferentially on the trunk and suggest that pregnancy-related changes in the regional distribution of maternal body fat based on skinfold caliper measurements should be interpreted cautiously.
Introduction
The amount of weight women gain during pregnancy is an important, modifiable, determinant of both infant birth weight and female obesity. 1 -3 This is especially true during adolescence. 3 -5 Ideally, pregnant teenagers should be advised to gain the amount of weight necessary to optimize fetal growth and minimize their own risk of postpartum obesity. However, the potential benefits of additional maternal weight gain for the fetuses of young women have tended to overshadow the maternal health risks associated with larger-than-average weight gains during pregnancy. 3 -5 Indeed, the results of recent studies indicate that adherence to the Institute of Medicine's current recommendations for gestational weight gain predisposes teenagers and other women who are deemed to be at high sociodemographic risk for low birth weight delivery to postpartum obesity. 4 -6 The prevalence of obesity among adolescent girls in this country 7 makes it critical to obtain a better understanding of the effect that the amount and regional distribution of the adipose tissue they gain during pregnancy has on fetal growth and their own body habitus following delivery.
Most of the fat women gain during gestation is deposited subcutaneously. 8, 9 The skinfold caliper, which is typically used to measure subcutaneous adipose tissue, has well-documented limitations, many of which are apt to be accentuated by pregnancy. 8, 9 For example, Robertson demonstrated that the 'compressibility' of the skin, or the extent to which the skin is compacted when an external force is applied and the subcutaneous adipose tissue and water are displaced, increases dramatically during the first trimester of pregnancy and then gradually thereafter, until term. 10 This has been attributed to hormonally induced changes in the hydration status of extracellular components of the connective tissues. 8 -10 Ultrasound is an attractive alternative because it is safe during pregnancy, portable and non-invasive. Moreover, ultrasound has been shown to overcome many of the limitations that obesity (and by extension, pregnancy) imposes on the accuracy of skinfold caliper measurements. 11, 12 However, to our knowledge, ultrasound has not been used to assess the regional distribution of subcutaneous adipose tissue in pregnant women.
In this study we compared skinfold caliper and ultrasound derived measurements of the amount and distribution of subcutaneous adipose tissue teenagers gain during pregnancy. Taking the nearly compression-free ultrasound measurements as the standard, we assumed that in the absence of tissue compression the mean subcutaneous adipose tissue thicknesses measured by ultrasound would be half the mean skinfold thicknesses measured by skinfold caliper. 11, 12 With tissue compression and the displacement of subcutaneous adipose tissue and water, the magnitude of the skinfold caliper measurements decreases relative to the magnitude of the ultrasound measurements. This creates the percentage compression, which has been described mathematically as: (mean adipose tissue thickness by ultrasound 7 (0.5Âmean adipose tissue thickness by caliper)=mean adipose tissue thickness by ultrasound)Â100. 11, 12 Conversely, with the inadvertent inclusion of non-adipose tissue in the skinfold caliper the magnitude of the skinfold caliper measurements increases relative to the magnitude of the sonographic measurements. In this case the percentage compression decreases in magnitude and could even become negative. Based on the results of prior studies 10 -12 we hypothesized that: (1) skinfold caliper and sonographic measurements of subcutaneous adiposity are highly correlated in pregnancy; (2) these 'related' measurements do not 'agree' 13 with each other because the percentage compression increases during gestation; and (3) skinfold caliper measurements yield a smaller estimate of the amount of subcutaneous adipose tissue gained during gestation than do sonographic measurements.
Methods

Subjects
The study sample was originally composed of a racially and ethnically diverse (43% white, 35% black, 20% hispanic and 2% other) group of 37, primiparous, 13 to 19-y-olds (mean AE s.d. ¼ 16.7 AE 1.3 y) who met the inclusion criteria for the study by enrolling in our comprehensive, multidisciplinary, adolescent-oriented maternity program 14 prior to the 14th week of gestation, having singleton gestations, and being free of chronic medical conditions and known uterine and fetal anomalies.
During the study period, 199 teenagers joined the maternity program. Of the 45 teenagers who met the study inclusion criteria and were therefore asked to participate, eight (12%), declined to do so. The remaining 154 teenagers were not approached for enrollment because they did not meet the inclusion criteria for the study; 67 were multiparas, 78 entered prenatal care after the 14th week of gestation, and eight miscarried or had therapeutic abortions.
After the first study visit nine (24%) of the 37 study participants were withdrawn (three miscarried, four moved, and two declined further participation). Those who were withdrawn did not differ significantly from those who remained in the study with regard to any of the measures of maternal age, body size or adiposity obtained at study visit 1. Thus it is unlikely that a selective loss of subjects biased subsequent analyses, which were limited to the remaining 28 subjects. The study was approved by the Institutional Review Board at the University of Colorado Health Sciences Center.
Data collection
Study visits were planned twice during pregnancy. The first study visit was scheduled as soon after enrollment as possible (range: 6 -16 weeks; mean AE s.d.: 10.7 AE 2.8 weeks). The second study visit was scheduled to coincide with the time during gestation when maternal adiposity peaks 8 (range 27 -33 weeks; mean AE s.d. 29.6 AE 1.8 weeks).
We recorded chronologic age at conception, age at menarche, and three indices of maternal body size: (1) prepregnant weight, self-reported; 15 (2) height, measured at enrollment with the subject bare-footed to the nearest 0.1 cm with a stadiometer; and (3) clinic visit weight, measured with the subject bare-footed in light clothing to the nearest 0.1 kg, on a mechanical scale (on average the last clinic visit weight was obtained within a week of delivery). From these we calculated: gynecologic age (chronologic age at conception 7 age at menarche); body mass index (BMI ¼ -weight (kg)=height (m) 2 ); and the rate of weight gain during gestation ((last visit weight 7 prepregnant weight)=gesta-gestational age at last weight determination; kg=week) and the study period ((weight at study visit 2 7 weight at study visit 1)=weeks between study visits; kg=week). 5, 15 At each study visit the thickness of subcutaneous adipose tissue was measured, first by skinfold caliper and then by ultrasound. With the subjects in the supine position, measurements were obtained on the non-dominant side of the body at three sites on the extremities -triceps (midpoint between the acromion and olecranon processes on the posterior aspect of the arm), biceps (midpoint of the muscle belly) and thigh (midpoint between the inguinal Fat distribution during adolescent pregnancy C Stevens-Simon et al fold and the midpoint of the patella on the anterior aspect of the leg) -and three sites on the trunk -subscapular (inferior angle of the scapula), costal (midpoint between the last rib and the iliac crest in the mid axillary line) and supra-iliac (oblique fold on the iliac crest in the mid-axillary line). All caliper measurements were made in the standard fashion 8 by the same observer (JB), using a Lange skinfold caliper. Ultrasound measurements were taken at the six sites marked for the skinfold caliper measurements, using an Acuson 128-XP real-time scanner (Acuson Inc. Mountain View, California) equipped with an electronic caliper and 7 MHz linear transducer. The transducer was coated with a thick layer of acoustic-transmission gel and held within the gel pool, approximately 0.5 mm above the marked site, thereby providing compression-free contact with the dermis. Subcutaneous adipose tissue thickness was measured directly from the display screen as described by Fanelli and colleagues. 11, 12 The measurements were obtained by two experienced sonographers. The inter-observer reliability averaged 0.93 and was unrelated to tissue thickness.
The skinfold caliper and sonographic measurements were used to calculate the rate at which subcutaneous adipose tissue was stored during the study period, individually at each of the six body sites and collectively at the three extremities sites (triceps þ biceps þ thigh) and the three trunk sites (subscapular þ costal þ supra-iliac), using the formula ((skinfold thickness at study visit 2 7 skinfold thickness at study visit 1)=weeks between study visits, mm=week). The percentage compression for each skinfold caliper measurement was calculated using the formula (mean adipose tissue thickness by ultrasound 7 (0.5Âmean adipose tissue thickness by caliper)=mean adipose tissue thickness by ultrasound)Â100.
11,12
Data analysis Summary statistics were used to describe the study population. Pearson correlations were evaluated for the skinfold caliper and sonographic measurements at the six body sites. Paired t-tests were used to compare the skinfold caliper and sonographic assessments of the amount of subcutaneous adipose tissue gained at the six body sites individually, and then collectively at the three extremity and three trunk sites. All statistical analyses were performed with SPSS=PC þ . 16 
Results
The age, race=ethnicity, and selected physical characteristics of the 28 study participants are presented in Table 1 . None of these measures of maternal body size or weight gain varied significantly in relation to maternal chronologic age, gynecologic age, or age at menarche (possibly a type 2 error). On average the participants gave birth at 38.6 AE 2.2 weeks gestations (range 32 -41 weeks) to infants weighing 2994 AE 559 g (range 1625 -4095 g).
Mean values for the six subcutaneous adipose tissue measurements obtained by the skinfold caliper and ultrasound techniques at study visits 1 and 2 are compared in Tables 2 and 3 , respectively. None of these measures varied Ultrasound measurement is a single fold of subcutaneous fat; caliper is a double fold. *P < 0.01; **P < 0.001; ***P < 0.0001. a Percentage compression (ultrasound 7 (0.5Âcaliper))=ultrasoundÂ100.
Figures represent the mean and standard deviation of the compression fractions that were computed individually for each of the 28 subjects; because of the large standard deviations, these figures differ from the compression fractions that can be computed from the means given in columns 1 and 2.
Fat distribution during adolescent pregnancy C Stevens-Simon et al significantly in relation to maternal chronologic age, gynecologic age, age at menarche, race=ethnicity or stature (this could again be a type 2 error), but at both study visits all 12 measurements correlated positively and significantly with BMI.
The correlation coefficients presented in column 3 of Tables 2 and 3 support the first study hypothesis by showing that skinfold caliper and ultrasound measurements of subcutaneous adiposity were highly correlated and therefore significantly 'related' 13 to each other at all six body sites both early (study visit 1) and late (study visit 2) in gestation. However, the compression data presented in column 4 of Tables 2 and 3 shows that these large, and highly statistically significant correlation coefficients conceal a considerable lack of 'agreement' 13 between the two measurement techniques. Moreover, the data do not support the second study hypothesis. Rather, the compression percentages computed for measurement sites on the trunk were smaller at study visit 2 than at study visit 1, whereas those computed for the extremities were essentially the same at the two study visits.
Paired t-tests were used to compare the mean values for the skinfold caliper and sonographic estimates of the rate subcutaneous adipose tissue gain, individually at the six body sites and then collectively at the three extremity and three trunk sites (Table 4 ). The data in column 3 show that the skinfold caliper derived estimate of the rate of subcutaneous adipose tissue gain exceeded the corresponding sonographic determination at sites on the trunk, but not at sites on the extremities. Moreover, when the skinfold caliper technique was used the rate of subcutaneous adipose tissue gain was significantly greater at the three trunk sites than the three extremity sites, but when the ultrasound technique was used the opposite pattern emerged (Table 4 ; last row). This discrepancy did not appear to be due to a change in the thickness of the dermis as skin thickness did not change appreciably between study visits 1 and 2 at the three measurement sites on the trunk (mean AE s.d. 1.8 AE 0.2 and 1.6 AE 0.3 mm, respectively) or the three measurement sites on the extremities (mean AE s.d. 1.3 AE 0.2 and 1.2 AE 0.1 mm, respectively).
Discussion
The most important result of this study is the implication it has for our understanding of the way women store adipose tissue during gestation. First Taggart 8 and then Forsum 9 demonstrated that most of the fat pregnant women gain is stored on the trunk. A central pattern of maternal fat deposition has also been inferred from the results of other studies. 17 -19 In keeping with these reports, we found that when skinfold calipers were used to measure the thickness of the subcutaneous adipose tissues, significant changes in regional fat distribution appeared to take place during gestation, with the subcutaneous adipose tissue stores increasing significantly (P ¼ 0.009) more rapidly on the trunk than on the extremities (Table 4 , last row). However, when we used the ultrasound technique the opposite pattern emerged, with the subcutaneous adipose tissue stores increasing significantly (P ¼ 0.007) more rapidly on the extremities than on the trunk (Table 4 , last row). Percentage compression (ultrasound 7 (0.5Âcaliper))=ultrasoundÂ100.
Figures represent the mean and standard deviation of the compression fractions that were computed individually for each of the 28 subjects; because of the large standard deviations, these figures differ from the compression fractions that can be computed from the means given in columns 1 and 2. b Sum extremity, triceps þ biceps þ thigh, sum trunk, subscapular þ costal þ supra-iliac. *P ¼ 0.02; **P ¼ 0.009; ***P ¼ 0.007; ****P < 0.00011.
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Our analyses suggested that this discrepancy between the skinfold caliper derived and ultrasound derived patterns of subcutaneous adipose tissue accretion could reflect changes in the compressibility of the subcutaneous tissues associated with advancing gestation. Contrary to the second study hypothesis, between study visits 1 and 2 there was little change in the percentage compression at measurement sites on the extremities and a large decrease, in the percentage compression at measurement sites on the trunk. Since there was no appreciable change in the thickness of the skin between study visits it is difficult to attribute this finding to regional differences in the thickness of the dermis. Rather, the first finding is consistent with the results of prior studies which indicate that there is an upper threshold for skinfold thickness beyond which compression does not increase significantly 12 and with data showing that the compressibility of the skin increases minimally between 12 and 28 weeks gestation. 10 The large decrease in the percentage compression that took place at the supra-iliac and costal sites between study visits is more difficult to explain. Assuming that the sonographic measurements are accurate, this decrease in the magnitude of the percentage compression implies that the compressibility of the subcutaneous tissues at these sites decreased with advancing gestation or that pregnancyrelated changes in tissue hydration made it more difficult to identify the fat -muscle interface at these measurement sites and, as a result, non-adipose tissue was inadvertently included when skinfold caliper measurements were taken at these sites during study visit 2. Other investigators have reported similar technical difficulties when studying obese populations. 11, 12 Moreover, Taggart reported that a factor 'in addition to fat and cutaneous edema' caused the skinfolds to increase in thickness during gestation, especially at measurement sites on the trunk. 8 Our finding that skinfold caliper derived measurements yielded a larger estimate of the amount of subcutaneous adipose tissue gained at measurement sites on the trunk than did sonographic measurements, suggests that Taggart's 'factor' (and by extension the relatively large gain and subsequent rapid loss of subcutaneous adipose tissue she reports at measurement sites on the trunk) could have been an artifact of the skinfold caliper measurement technique. This could also account for the differences Sohlstrom and Forsum observed between the skinfold caliper and MRI derived pattern of adipose tissue loss following delivery. 19 Thus, taken together, these pregnancy-related changes in the percentage compression created a measurement bias that tended to inflate the skinfold caliper derived estimates of subcutaneous adipose tissue gains at sites on the trunk relative to those at measurement sites on the extremities. This created the impression that during gestation adipose tissue is stored preferentially at subcutaneous sites on the trunk which was not substantiated by the nearly compression-free sonographic measurements or compression adjusted skinfold caliper measurements. Rather, the data presented in Table 4 challenge the notion that women store adipose tissue preferentially at subcutaneous sites on the trunk. However, given the small size of our study population and the paucity of comparable data concerning the distribution of adipose tissue adolescents gain during pregnancy, we regard these findings as preliminary. Nevertheless it would be prudent to interpret estimates of pregnancyrelated changes in maternal body fat and adipose tissue distribution that use the skinfold caliper technique cautiously until the reasons for the discrepancy between the skinfold caliper and ultrasound patterns of subcutaneous adipose tissue accretion have been elucidated in further studies. In conclusion, sonographic determinations of subcutaneous adiposity are safe, non-invasive, easy to obtain and reproducible, making this an attractive technique for future studies of the biological function of the adipose tissue women retain during gestation.
